Brachial-ankle pulse wave velocity (baPWV) is a promising technique to assess arterial stiffness conveniently. However, it is not known whether baPWV is associated with well-established indices of central arterial stiffness. We determined the relation of baPWV with aortic (carotid-femoral) PWV, leg (femoral-ankle) PWV, and carotid augmentation index (AI) by using both cross-sectional and interventional approaches. First, we studied 409 healthy adults aged 18-76 years. baPWV correlated significantly with aortic PWV (r ¼ 0.76), leg PWV (r ¼ 0.76), and carotid AI (r ¼ 0.52). A stepwise regression analysis revealed that aortic PWV was the primary independent correlate of baPWV, explaining 58% of the total variance in baPWV. Additional 23% of the variance was explained by leg PWV. Second, 13 sedentary healthy men were studied before and after a 16-week moderate aerobic exercise intervention (brisk walking to jogging; 30-45 min/day; 4-5 days/week). Reductions in aortic PWV observed with the exercise intervention were significantly and positively associated with the corresponding changes in baPWV (r ¼ 0.74). A stepwise regression analysis revealed that changes in aortic PWV were the only independent correlate of changes in baPWV (b ¼ 0.74), explaining 55% of the total variance. These results suggest that baPWV may provide qualitatively similar information to those derived from central arterial stiffness although some portions of baPWV may be determined by peripheral arterial stiffness.
Introduction
Arterial stiffness is a major contributor to cardiovascular disease and is becoming a focal point in the efforts of early detection and prevention of cardiovascular disease. 1 A number of indices have been introduced to quantify the elastic properties of arteries. No methodology has been proven to be superior because of problems associated with measurements and interpretation. 2 However, among them, pulse wave velocity (PWV) is considered to be the most hallowed technique as recently described in the consensus statement on arterial stiffness. 2 Indeed, aortic PWV, calculated on the basis of pulse transit time and the distance travelled by a pulse between carotid artery and femoral artery, is one of only a few indices of arterial stiffness that has been directly linked with cardiovascular mortality and morbidity. 3, 4 Although aortic PWV is accurate, reproducible, and relatively simple to use, it may not be ideal for routine use in clinics because the use of pressure transducers or Doppler probes on target arteries may be perceived as somewhat difficult to clinical staff. Additionally, some subjects may feel uncomfortable exposing the inguinal area during the acquisition of femoral pressure waveforms. As of these issues related to the data acquisition, a simpler method of measuring PWV has been developed. 5 This methodology, called brachial-ankle PWV (baPWV), requires simply placing blood pressure cuffs on the four extremities. baPWV has been shown to increase with aging and hypertension, and an increasing number of reports have been published using this methodology. [5] [6] [7] However, it is not clear if baPWV is associated with aortic PWV, a well-established index of central arterial stiffness. A previous study addressing this question is limited by a small number of subjects composed of one racial group. 5 As such, this finding should be confirmed with a larger number of subjects that include multiple racial compositions. Moreover, it is not known whether baPWV reflects central or peripheral arterial stiffness. This is critical as it is the only central arterial stiffness that has been shown to be associated with increased risks for developing cardiovascular disease. 3, 4 Accordingly, the purpose of the present study was to determine the relation of baPWV with aortic PWV (central arterial stiffness), leg PWV (peripheral arterial stiffness), and carotid augmentation index (index of central arterial stiffness and wave reflection). In order to comprehensively address this aim, we used two different but complementary approaches. First, we determined the relation between baPWV and various indices of arterial stiffness in a large population of men and women varying widely in age. Second, we used regular aerobic exercise to determine if decreases in aortic PWV are accompanied by corresponding changes in baPWV.
Methods

Subjects
For the cross-sectional study, we studied 409 healthy adults (100 women and 309 men; Table 1 ). In order to increase the generalizability of our findings, testing was conducted both in the US and in Japan, and the data were combined. All subjects had no apparent cardiovascular disease as assessed by medical history and physical examination. No subjects had ankle-brachial index below 0.9. For the intervention study, 13 healthy sedentary men were studied before and after 16 weeks of aerobic exercise training. All subjects gave their written informed consent to participate. All procedures were reviewed and approved by the Human Research Committee.
PWV and augmentation index
Before the experiments, subjects abstained from alcohol and caffeine and fasted for 43 h. Subjects were studied under supine resting conditions in a quiet, temperature-controlled room. Measurements were performed after at least 15-min supine rest. Electrocardiogram, bilateral brachial and ankle blood pressures, and carotid and femoral arterial pulse waves were simultaneously measured with a vascular testing device (form PWV/ABI; Colin Medical Technology, Komaki, Japan). This machine was developed as a screening device for hypertension (via blood pressure), peripheral artery disease (via ankle brachial index), and arterial stiffness (via PWV), and this necessitated the use of four blood pressure cuffs on each limb. Carotid and femoral arterial pressure waveforms were stored for 30 s by applanation tonometry sensors attached on the left common carotid and left common femoral arteries. Bilateral brachial and post-tibial arterial pressure waveforms were stored for 10 s by extremities cuffs connected to a plethysmographic sensor and an oscillometric pressure sensor wrapped on both arms and ankles. Pulse wave velocity is calculated from the distance between two arterial recording sites divided by transit time. Transit time was determined from the time delay between the proximal and distal 'foot' waveforms. The foot of the wave was identified as the commencement of the sharp systolic upstroke, which was automatically detected by a band-pass filter (5-30 Hz). Time delay between right brachial and post-tibial arteries (Tba), between carotid and femoral arteries (Tcf), and between femoral and post-tibial arteries (Tfa) were obtained. The path length from the carotid to the femoral artery (Dcf) was assessed in duplicate with a random zero length measurement over the surface of the body with a nonelastic tape measure. 8 The path lengths from the suprasternal notch to brachial artery (Dhb), from suprasternal notch to femur (Dhf), and from femur and ankle (Dfa) were calculated automatically using the following equations: Brachial-ankle, aortic, and leg PWV were calculated by the following equations:
The results obtained with right side and left side baPWV were identical (r ¼ 0.97). As such, right baPWV was reported in the present study.
Carotid augmentation index (AI), a measure of arterial stiffness and arterial wave reflection, was calculated as the ratio of amplitude of the pressure wave above its systolic shoulder to the total pulse pressure of carotid artery as previously described. 8, 9 The validity and reliability of the automatic device for measuring aortic PWV and AI have been established previously. 10 
Exercise intervention
A total of 13 subjects underwent a 16-week aerobic exercise intervention (brisk walking or jogging). During the first 2 weeks, subjects performed a relatively low-intensity exercise training (60% of their individually determined heart rate reserve for 30 min, 3-4 days/week). Thereafter, the exercise intensity as well as the duration of training were increased (at 75% of their individually determined maximal heart rate reserve for 45 min). The exercise intensity during the training was closely monitored using polar heart rate monitors and physical activity logs. Before and after the 16-week exercise training programme, maximal oxygen consumption (VO 2max ) was measured with online computer-assisted circuit spirometry during incremental cycle ergometer exercise.
Statistical analyses
Univariate regression and correlation analyses were used to analyse the relations between variables of interest. Forward stepwise multiple-regression analyses were used to determine the influences of central and peripheral arterial stiffness on baPWV.
To do so, only variables that had significant univariate correlations with baPWV and the training-induced change in baPWV were included in the model. Analysis of variance with repeated measures was used to determine significant mean group changes in the exercise intervention study. Statistical significance was set a priori at Po0.05. Data are expressed as means7s.e.m.
Results
Figure 1 displays changes in brachial-ankle, aortic, and leg PWV and carotid AI with advancing age. All four indices of the elastic properties of arteries increased significantly with age. As shown in Figure 2 , baPWV correlated with aortic PWV (r ¼ 0. Table 2 shows subject characteristics for the intervention study. After the exercise training intervention, body mass, mean arterial pressure, and resting heart rate significantly decreased. As illustrated in Table 3 , aortic PWV significantly decreased after the training (Po0.05). baPWV, leg PWV, and carotid AI did not change significantly. Brachial-ankle pulse wave velocity J Sugawara et al
The change in baPWV with the exercise intervention correlated significantly with the corresponding changes in aortic PWV (r ¼ 0.74; Figure 3 ). Stepwise multiple-regression analysis revealed that changes in aortic PWV were the only independent physiological correlate of changes in baPWV, explaining 55% of the total variance (r 2 ¼ 0.55, Po0.01). Any other variables did not enter as significant predictors of changes in baPWV.
Discussion
baPWV has been increasingly used as an index of arterial stiffness in recent clinical research studies. [5] [6] [7] In the present study, we determined the relation of baPWV with various well-established indices of arterial stiffness using both crosssectional and interventional approaches. The main findings are as follows. First, among an adult population that varies widely in age, baPWV is significantly and independently associated with aortic PWV as well as leg PWV. Second, decreases in aortic PWV with exercise intervention are related to the corresponding changes in baPWV. These results suggest that baPWV may provide qualitatively similar information to those derived from aortic PWV, a well-established index of central arterial stiffness. It should be noted, however, that this index may be influenced also by peripheral measures of arterial stiffness. Leg PWV (cm/sec) Figure 2 Relation of brachial-ankle pulse wave velocity (PWV) with aortic PWV, leg PWV, and carotid augmentation index (AI). Brachial-ankle pulse wave velocity J Sugawara et al baPWV has been criticized primarily for at least two reasons. One criticism is that the pulse wave does not travel directly from the brachial arteries to the post-tibial arteries in the same arterial tree that the nomenclature of PWV is inappropriate. However, the same argument can be made for the well-established aortic PWV. Aortic PWV measures the velocity of pulse wave from carotid to femoral arteries, and these two arteries are not connected directly in the same arterial tree.
Another criticism is that because brachial and post-tibial arteries are considered to be peripheral muscular arteries, 11 baPWV may be an index of peripheral, rather than central, arterial stiffness. Compared with central elastic arteries, peripheral arteries do not appear to change significantly with aging and disease states and are generally considered to be of less clinical significance. 8, 11, 12 In the present study, baPWV was strongly related to aortic PWV in univariate correlation analyses, and aortic PWV was the strongest independent correlate of baPWV, explaining B60% of the total variance. Additionally, reductions in aortic PWV with exercise training are significantly associated with the corresponding changes in baPWV (r ¼ 0.74). Taken together, these findings indicate that baPWV appears to be an index that reflects central arterial stiffness and that baPWV may provide qualitatively similar information to those obtained with aortic PWV. We should emphasize, however, that in general only B40% of the individual variance in baPWV was explained by aortic PWV in the present study. It is possible that the correlation may have underestimated the true strength of the relation. For example, the path length for the measurement of baPWV is simply estimated from height. It is likely that the direct measurement of the path length may have improved such a relation by reducing the errors associated with the measurement of path length.
Our present findings also indicate that baPWV may contain some portions that are influenced by peripheral arterial stiffness. This is evidenced by the following two findings in the present study. First, in univariate correlation analyses, baPWV was significantly related to leg PWV, a peripheral measure of arterial stiffness, in a population varying widely in age. Additionally, stepwise regression analyses revealed that 23% of the total variance in baPWV is explained by peripheral arterial stiffness as assessed by leg PWV. Second, in the intervention study, aortic PWV decreased significantly with exercise training whereas reductions in baPWV as well as leg PWV were not significant. These results are consistent with previous findings that peripheral arterial stiffness does not appear to change with exercise training. 13 Much smaller changes in baPWV than in aortic PWV with exercise training may well be explained by the fact that baPWV contains some components that reflect peripheral arterial stiffness, which does not appear to change with exercise training. 14, 15 Thus, although baPWV appears to primarily reflect the stiffness of central arteries, it may be influenced by the stiffness of peripheral arteries as well. Alternatively, these results may also indicate that baPWV may not be as sensitive as aortic PWV in detecting changes in short-term interventions. As such, the interpretation of baPWV should be made carefully. One concern of the baPWV technique is the accuracy of the measurement of the central console via an air-filled tube. However, the visual examinations of each blood pressure waveform indicate that the foot of the blood pressure waves is as sharp as those obtained with high fidelity devices (eg, arterial tonometer). Additionally, the algorithm used to detect the foot is essentially the same as other more traditional devices (eg, aortic PWV). Even if there is any slight error in detecting the foot of the blood pressure waveform, the same methods are used for brachial and posterior tibial artery so that any errors will be equally applied to both sites. That is, these errors should be offset when brachial to ankle PWV is calculated. The accuracy in measuring the foot of the waveform using this technique is reflected in the high association between baPWV and aortic PWV as well as the high correlation coefficient between right and left baPWV (r ¼ 0.97) that we observed in the present study.
Aortic pulse wave velocity decreased with exercise training but there was no significant reduction in AI. These results indicate that exercise training used in the present study did not have any impact on arterial pressure wave reflection. Our findings are not consistent with recent studies that aerobic exercise training reduces AI. 16, 17 The discrepancy may be related to the subject population (apparently healthy subjects vs cardiac and haemodialysis patients), the methodology used to obtain AI (carotid AI vs radial AI), and/or the existence of significant bradycardia with exercise training. Heart rate is known to be inversely related to AI. 18 It is possible that even though exercise training reduced AI, the reduction in heart rate with exercise training may have acted simultaneously to increase AI, resulting in no changes in AI in the present study.
In conclusion, the results of the present study indicate that baPWV may be a promising index for assessing arterial stiffness in humans. Probably, the greatest advantage of baPWV is its simple way of measurement by only wrapping the four extremities with blood pressure cuffs. This technique has become a very popular modality to evaluate arterial stiffness in Japan, [5] [6] [7] where patients are generally hesitant to exposing inguinal area and clinical staff (eg, nurses) are resistant to learning the refined technique of applanation tonometry that is required for the measurements of aortic PWV. This method could be suitable for utilizing in large clinical trials in other countries. Further studies to examine the relation between baPWV and morbidity and mortality of cardiovascular diseases are warranted.
